Male Drosophila manipulate the sexual behaviour of their female mating partners by release of a Sex-peptide, but how does this work? A G-protein-coupled receptor has now been identified which acts in the female flies to detect male Sex-peptide and trigger increased egg laying and reduced sexual receptivity.
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In many insects, changes in the reproductive behaviour of females after mating are male-induced. While virgin females lay only few eggs and copulate readily, seminal fluid elicits oviposition and decreases the willingness to mate [1] . In Drosophila melanogaster these two post-mating responses are induced by the 36 amino-acid-long Sex-peptide (SP) which is synthesized in the male accessory glands [2] .
Many effects of SP, and putative sites of SP action in the female body, have been characterized in the last 20 years [3] [4] [5] , but a molecular receptor that interacts with SP escaped identification. A major breakthrough has now been achieved with the isolation of an SP receptor (SPR) by Barry Dickson and colleagues [6] . The gene coding for the SP receptor, CG16752, was identified by a genome-wide transgenic RNA interference (RNAi) screen, a very powerful method based on conditional gene inactivation. In contrast to control females, mated SPR-RNAi females lay very few eggs and readily mate with a second male -the same behavior as wild-type virgins. The deletion Df(1)Exel6234 eliminates the entire SPR gene and produces identical results. Sperm are transferred and stored normally in these animals and the few eggs laid hatch and show no developmental abnormalities. After injection of synthetic SP into the hemolymph of SPR-RNAi females they remain sexually receptive, in contrast to SP-injected wild-type females. Taken together these data show that SPR is the receptor that mediates the post-mating switch induced by SP.
Mutant flies with abnormal cAMP levels do not respond to SP [7] . This suggested that SP might be detected by a G-protein-coupled receptor. Co-transfection experiments with SPR DNA in Chinese hamster ovary (CHO) cells confirmed this prediction [6] . The Ca 2+ -dependent reporter molecule aequorin was only triggered by SP when the chimeric G-proteins G aqi or G aqo were co-expressed. These proteins are designed to divert the signal from the cAMP pathway into the Ca 2+ pathway. The signal is obtained with SP and a closely related peptide DUP99B [8] at physiological concentrations, but not with other peptides known to be ligands of G-protein-coupled receptors. Thus, SPR very likely encodes a functional SP receptor that regulates cAMP levels via G a1 and/or G ao proteins.
Where is SP receptor expressed? Antisera against SP receptor showed the protein is present in specific parts on the surface of the brain, the cervical connective, the ventral nerve cord (VNC) and many nerve roots in the brain and in the VNC (Figure 1 ). These findings correlate well with SP binding patterns obtained by incubating labeled SP (or DUP99B) on cryostat sections of females [4, 5] , lending support to the idea that SP passes from the reproductive tract into the hemolymph to reach its targets [3] . Indeed SP has been detected recently in the hemolymph of mated females [9] .
In female genital tracts the spermathecae and the lower oviduct also express SP receptor. The strong expression of SP receptor in the spermathecae is intriguing, because this is the primary storage organ for sperm. SP binds to sperm with its amino-terminal end and is thus responsible for the long-term post-mating responses [10] [11] [12] . Hence, the SP receptors of the spermathecae and the oviduct may allow interaction with SP already in the female genital tract.
Inconsistencies between the SP receptor localization and SP binding data were only observed in the case of the uterus. While no SP receptor was localized to the uterus [6] , strong binding of labeled SP was observed to this organ [4, 5] . In comparison with the binding to the nervous system, however, the binding of SP to the uterus is less demanding in terms of sequence requirements [5] , and the binding constants differ too. Thus, binding of SP to the uterus may reflect binding to a different protein, such as a peptide transporter.
In earlier investigations, the Dickson group [13] had shown that Drosophila post-mating responses are also induced by blocking transmission in neurons that express sex-specific transcripts of the fruitless (fru) gene. These results were nicely complemented by expressing SPR RNAi in these cells or by expressing SPR only in fru neurons in a SPR null background. As expected, in the first experiment, females responded like SPR-deficient animals; in the second experiment, complete rescue was observed. A subset of ascending VNC neurons may also be involved in signaling, because: first, neurotransmission in VNC apterous neurons is required to elicit the SP response [14] ; second, SP binds A drawing illustrating the combined results of the localization of SP receptor by confocal microscopy [6] and binding studies of labeled Sex-peptide to cryostat tissue sections of adult females [4, 5] . Congruous localization of SP receptor and binding of SP was observed at the sites indicated in red. SPbinding only was found in the uterus (yellow), suggesting the presence of a different SP-binding protein, such as a peptide transporter. Br, brain; Ln, leg nerve; Od, oviduct, Ov, ovary, SG, suboesophagal ganglion, Sp, spermathecae; Ut, uterus; VNC, ventral nerve cord; Wn, wing nerves.
to the VNC [4, 5] ; and third, SP receptor is expressed throughout the VNC [6] . Taken together, these results strongly suggest that SP triggers the post-mating responses mainly by modulating neuronal activity in subsets of fru and VNC neurons.
SP has many functions ( Figure 2 ). It stimulates egg production, ovulation, egg laying, food intake, juvenile hormone and antimicrobial peptide synthesis, while it reduces female receptivity and female longevity (reviewed in [3, 15] ). Furthermore, it binds to specific parts of the nervous system and genital tract of females [4, 5] and to the head and tail of sperm [10] . Some of these functions have been assigned to specific parts of SP [15] . Thus, more than one interacting protein is to be expected, although some of the induced responses may be linked. As Yapici et al. [6] have convincingly shown, SP receptor is the receptor eliciting oviposition and reduction of receptivity. Very likely SP receptor interacts with the carboxy-terminal end of SP, as this is the part necessary for binding of SP to the nervous system and the genital tract of females, and the same part of SP is also essential for eliciting these two responses [3, 5] . Furthermore, SP and DUP99B stimulate SP receptor in CHO cells [6] and both peptides bind competitively to the neuronal system and genital tract [4, 5] . The homology of the two peptides is restricted to their carboxy-terminal ends. The prediction is, therefore, that neither stimulation of antimicrobial peptide synthesis nor synthesis of juvenile hormone by SP will be abolished in SP receptor-null females. Furthermore, in SP receptor-null males, SP should still bind to sperm.
SP is not well conserved: outside the D. melanogaster species subgroup, genes homologous to SP have been found in D. suzukii [16] , D. madeirensis and D. subobscura [17] . Furthermore, SP-like peptides have been characterized in mated moths of Helicoverpa armigera [18] but in no other insects. Hence, the structural and functional conservation of SP receptor in other insect orders discovered by Yapici et al. [6] is surprising and exciting. In a CHO cell culture assay these authors discovered that SP is also a potent activator of SP receptors from D. pseudobscura, Aedes aegypti, Anopheles gambiae, the moth Bombyx mori, and the beetle Tribolium castaneum. While distant relatives can be detected in Caenorhabditis elegans, vertebrate orthologues are much less conserved. Thus, SP receptors may be functional in many insect orders. The discrepancy in the degree of conservation of receptor and its ligand may be explained by conservation of the latter at the secondary structure level (for example, the carboxy-terminal S-S bond). These findings will not only facilitate the identification of SP-like substances in other insect species but also provide a very promising start for new approaches controlling the reproductive activities of harmful insects. Figure 2 . Structure-function relationship in Sex-peptide. Several receptors may interact with SP. SP receptor very likely interacts with the carboxyterminal part of SP known to be essential for eliciting the post-mating responses [3] [4] [5] [6] . The prolines indicated in red are hydroxylated and may interact with pattern recognition receptors (PRR) and thus induce antimicrobial peptide synthesis [15] . The amino-terminal part of SP is essential for inducing the synthesis of juvenile hormone (JH) and for binding to sperm.
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